Purpose: We compared efficacy and side effects of ropinirole implants with oral ropinirole in parkinsonian monkeys. Methods: Twenty monkeys received injections of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-hydrochloride (MPTP) to render them parkinsonian. Monkeys were then placed into 3 groups based upon clinical rating scores (CRS). Group 1 received oral ropinirole and placebo implants. Group 2 receivedropinirole implants that released 1/9th of the animals' optimal daily oral dose and oral placebo. Group 3 received placebo implants and oral placebo. Monkeys were assessed for pharmacokinetic data, CRS, Global Dyskinesia Rating Scale, and skin irritation. Results: For the ropinirole implant group, the activity pattern was similar to that seen pre-MPTP; which extended through the weekends and was greater than control treated parkinsonian monkeys. Oral ropinirole yielded a high degree of variability for activity, with values following oral dosing being higher than the pre-MPTP periodbut levels similar to placebo treated parkinsonian animals during weekends, which were excluded from oral dosing. Implants and oral treatment achieved significant improvement in CRS between 11 -60 days and 4 -60 days respectively. Conclusion: Low dose ropinirole implants have the potential to provide continuous clinical improvement in bradykinesia with fewer "off periods" and lower risk for medicationinduced psychosis than oral medication.
Introduction
Parkinson's Disease (PD) is the second most prevalent neurodegenerative disease, affecting between 1% and 3% of adults over age 65 [1] . Clinical signs of motor parkinsonism manifest as bradykinesia, rigidity, resting tremor, and postural instability [2] . The symptoms are primarily the result of loss of putamenal dopamine insufficiency secondary to degeneration of neurons in the substanbtia nigra pars compacta. The majority of Parkinson's patients therefore use treatments that correct lost nigrostriatal dopamine function. Ropinirole is a dopamine agonist which acts on D 2 postsynaptic receptors, and has been shown to be effective in treating Parkinson's disease symptoms in multiple randomized, placebo-controlled clinical studies [3] [4] [5] . Ropinirole is usually taken in the early stages of Parkinson's Disease [3] . The drug is found to have low rates of discontinuation, and is generally well tolerated [3] .
Ropinirole, as with most currentpharmacological treatments for Parkinson's Disease, requires dosing multiple times per day. These dosing regimens often result in cycles of brief symptom remission interspersed with periods of abrupt symptom re-emergence as well as the emergence of serious treatment related side-effects such as dyskinesias which are believed to be the result of unstable levels of drug throughout the day [6] . In addition to the problems associated with administration of multiple doses per day, peak concentrations of clinically effective doses of dopamine agonists, including ropinirole, can lead to intermittent periods of iatrogenic psychosis and other psychiatric symptoms such as gambling, hyper-sexuality and aggression [6, 7] . These issues indicate the need for long-acting treatments that avoid fluctuations in dopamine activity and motor function seen with intermittent treatments, with a reduction in the psychiatric side effects. The avoidance of fluctuations in peaktrough serum ropinirole concentrations could be obtained using sustained drug delivery methods. Therefore, we propose the use of ropinirole implants as a novel and improved method for the treatment of Parkinson's disease to meet these needs. The current formulation is a small, long-acting, slow-release, biodegradable implant that can deliver ropinirole consistently over a 2-month duration. This is achieved by combining ropinirole with biodegradable Poly-Lactoide-Co-Glycolide (PLGA) polymers to create sustained delivery using small rods inserted subcutaneously. Upon completion of the delivery of ropinirole, all materials degrade and are cleared by the body, avoiding the need for surgical removal [8, 9] .
The study was conducted to accomplish the following goals:  To compare the pharmacokinetic profile and efficacy of ropinirole implants with oral ropinirole to treat Parkinsonian symptoms in MPTP-treated Rhesus monkeys;  To identify potential side-effects of ropinirole implants while in use in Parkinsonian Rhesus monkeys;  To assess the potential for treatment of in Parkinson's Disease using ropinirole implants.
Materials and Methods

Animals
Adult male Rhesus Macaque monkeys between 6 and 12 kg were received at Rush University and held in quarantine for a minimum of 30 days. Baseline data were obtained for each monkey for the Clinical Rating Scale (CRS) ( Table 1) and Activity Monitoring system (AMS) prior to the MPTP Induction Phase. Continuous activity levels were obtained using jackets with accelerometers that were removed once a week so that data could be downloaded (ACTITRAC, IM Systems, Inc.).
MPTP Induction Phase
During this phase the monkeys were made bilaterally Parkinsonian with the use of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-hydrochloride (MPTP). Monkeys first received one dose of MPTP 0.3 mg/kg through intracarotid injection, rendering them unilaterally Parkinsonian, and then received approximately twice weekly injections of MPTP intravenously to be rendered bilaterally Parkinsonian. At the completion of the MPTP Induction Phase, 12 of 20 monkeys demonstrated stable parkinsonian symptoms with CRS scores between 7.0 -20.5 and continued with the experiment, and were tested for an optimal oral dose.
Dose Finding Phase
Monkeys received ropinirole at 0.5 mg/kg, 1 mg/kg, and 2 mg/kg and CRS scores were obtained by an observer Monkey identification with weight, dose received, and pre-treatment Clinical Rating Scale score. The monkeys each received a personalized dose of medicine as shown in the table, based on the optimal daily dose determined before the treatment period. The monkeys who received medication by means of the ropinirole implant received 1/9 of the total optimal oral daily dose; monkeys in the placebo group received no medication at all. The baseline CRS shows the Clinical Rating Scale score of each monkey after the MPTP induction phase, and before the ropinirole treatment period began.
blinded to dose with the goal of determining the minimum dose that achieved a 50% reduction of the CRS score. A dose of 1 mg/kg was the optimal dose for 10 of the 12 monkeys. The remaining two monkeys had an optimal oral dose of 0.5 mg/kg.
Pharmacokinetic (PK) Determination
The week prior to implantation of the ropinirole implant, acute PK for oral ropinirole was determined to ensure that behavioral testing was performed within two serum half-lives of oral dosing. Five monkeys were randomly chosen and used for a PK study in which three received 2.5 mg/kg oral ropinirole administered in food and two received 2.5 mg/kg ropinirole via oral gavage. Blood draws were taken at approximately 0.5, 2, 4, 6, and 10 hours post treatment for PK analysis.
Experimentation Phases
Monkeys were randomized into three dose groups with n 4 per group (Groups 1, 2 and 3): Group 1: Oral ropinirole three times per day (TID) using the monkey's lowest effective dose determined in the Dose Finding Phase. This group also received placebo implants to control for any effects of the procedure or presence of the implant.
Group 2: Implant that released ropinirole at a low dose (approximately 1/9th of the total daily oral dose). This group also received placebo oral treatments to control for any effects of daily TID oral procedures. Group 3: Placebo implants and placebo oral treatments.
Study Procedures
A ropinirole or matching placebo implant was inserted for all monkeys to ensure the treatment was blinded to study scientists. Oral ropinirole was given at 8:00 am, 12:00 pm, and 4:00 pm in a food treat for a total daily dose of 3.0 mg/kg/day. Food treats were comprised of various types of fruit that were alternated so that monkeys could not anticipate an association between a particular food and medication effects. Monkeys in Group 1 received oral medicationin a food treat on Monday through Friday. Oral ropinirole was not given on Saturday or Sunday so as to evaluate any lasting effects of treatment on days during which the subjects did not receive the active treatment. Monkeys in Group 2 and Group 3 were given a food treat three times per day without ropinirole. PK data was collected at the time of the ropinirole or placebo implant. PK samples were taken just prior to implantation, at 30 ± 10 minutes, 5 ± 1 hour and approximately 24 hours post implantation. In addition, PK samples were taken once weekly throughout the study. Throughout the Experimentation Phase, all monkeys were also assessed weekly for CRS scores ( Table 2) , dyskinesia ( Table 3) , and skin irritation ( Table 4) local to the site of implantation. Activity monitoring was collected throughout the experimentation phase and was evaluated for Wednesday-Friday (active treatment for Groups 1 and 2) and Saturday-Sunday (active treatment 
Results
Pharmacokinetic Data
Within 7 days, elevations of plasma ropinirole were apparent in monkeys given the ropinirole implant, with a peak concentration occurring at approximately 14 days after implantation. A comparison of the PK effects of ropinirole implants with those of oral ropinirole showed that plasma levels were approximately equivalent during study days 11 -46, with implant levels declining for the remainder of the duration (Figure 1 ).
Clinical Rating Scores
Analysis of the CRS scores reveals a significant interaction of week by group, indicating that the groups' scores changed over the course of the study (pooled MS = 19.325, F = 1.796, (18, 8), p < 0.05). The ropinirole implant group showed significant improvement from baseline scores on assessments from days 11 through 60 (CRS scores obtained on day 4 and weekly thereafter, p < 0.05 Tukey's post-hoc comparison all days). Monkeys receiving oral ropinirole showed significant improvement from baseline scores on all assessment days post baseline (CRS performed weekly between days 4 -60, p < 0.05 Tukey's post-hoc comparison all days). Placebo monkeys did not display significant changes from baseline on any day except day 53. In conclusion, monkeys in the oral ropinirole and implanted ropinirole groups showed significant continuous improvement over the course of the study, while the placebo group did not (Figure 2). 
Global Dyskinesia Scale Scores
One monkey in the oral ropinirole group showed a score of 1 on three of nine survey days. No monkeys in the ropinirole implant or placebo groups showed signs of dyskinesia. Given the small number of events, no statistical analyses were performed and no conclusions were drawn from the dyskinesia scale data.
Skin Irritation
No skin irritation was seen at the implant site in any monkey among the treatment groups during the study.
Activity Monitoring Data
Weekday Results (Wednesday-Friday): Animals receiving placebo showed a large and consistent reduction in overall activity compared with the baseline pre-MPTP levels. Animals receiving oral ropinirole showed alternating periods of significantly higher than normal activity directly following oral administration, interspersed with normal activity levels that correspond with the administration of the drug treatment (light phase). Oral treatment group had activity levels comparable to pre-MPTP levels overnight (dark phase). However, monkeys receiving the ropinirole implant demonstrated activity levels comparable to baseline during the day, with a slight increase in activity compared to baseline at nighttime. Figure 3 illustrates the average weekday activity by hour as measured by the AMS. In addition to the 3 treatment groups, there is a fourth line that represents the baseline AMS taken before the MPTP-Induction phase, and is therefore representative of the monkeys' normal, pre-Parkinsonian activity levels (Figure 3) .
Weekend Results (Saturday-Sunday): When not receiving treatment over the weekend, monkeys in the oral ropinirole group displayed activity levels similar to that of placebo treatment in MPTP-treated monkeys. The activity levels of those in the ropinirole implant group, however, remained similar to that of their weekday period. Figure 4 illustrates the average activity of the monkeys within each group over the weekends. The fourth line represents weekend activity before the MPTP-Induction phase, and the average pre-Parkinsonian activity levels of the monkeys at night (Figure 4) .
Discussion
The current methods of drug administration for Parkinson's Disease require multiple doses medication per day. These dosing regimens often result in cycles of brief symptom remission interspersed with periods of bradykinesia and dyskinesia, making normal function difficult as the medication wears off between doses. Ropinirole implants have the potential to eliminate these socalled "off" periods experienced by Parkinsonian patients between oral doses. Data in the current study indicate that functional recovery on the primary outcome CRS measure was similar inthe ropinirole implant and oral ropinirole groups duringtreatment days 11 through 60. In addition, the oral group showed significant improvement in CRS as early as day 4. Although there were no assessments between days 4 and 11, we cannot rule out the possibility that implants require a lag of up to 11 days to become effective. Notably, the ropinirole implant was effective with doses 1/9th of the daily oral doses, suggesting that low-dose continuous dosing may provide comparable efficacy with lower potential for side effects.
The activity monitoring data indicate that treatment with ropinirole implants resulted in a consistent pattern of activity, yielding a pattern similar to that seen prior to MPTP treatment. This similarity was present both during the weekdays and on the weekends. Conversely, on weekdays, dosing of oral ropinirole yielded a high degree of variability, with higher values following oral dosing relative to pre-MPTP levels. As hyperactivity in animals has excellent predictive validity for psychosis and mania in humans, these data are consistent with the clinical observation that oral ropinirole can cause periods of frank psychosis (hallucinations and delusions), and mania-like behaviors including hyper-sexuality, gambling and aggression at minimum effective oral doses [10] [11] [12] . Ropinirole implants did not, however, yield hyperactivity at clinically (CRS scores) effective doses. This suggests that implants may be able to reduce the disabling iatrogenic psychiatric side effects of dopamine agonists. This was true despite the observation that both treatment groups had comparable Clinical Rating Scale scores during the active treatment period.
The oral ropinirole group showed activity levels similar to placebo during the weekends, consistent with off periods between doses in patients. There was also greater variability in the oral group relative to implants for CRS, activity and ropinirole plasma levels during the treatment phase. These data suggest that implants may lead to more consistent efficacy in humans than is possible with traditional oral regimens.
Monkeys in the ropinirole implant group exhibited elevated levels of activity at night compared to their own pre-MPTP induction levels and compared to monkeys in both oral and placebo groups. Whether the monkeys were waking throughout the night or turning in their sleep is not known as there was no observation at night. However, the monkeys in this group did not display unusual behavior during the day, and notably, their weight did not fall out of a healthy range during the course of the study. This suggests that they were getting an adequate amount of sleep during treatment.
Although dyskinesias were too rare to draw conclusions in the current study, dyskinesia has been linked to fluctuations in dopamine activity in the brain, and is important to understanding the potential of the sustained delivery implant. Future experiments might determine how the consistent drug delivery of the ropinirole implant compares to the intermittent delivery of oral medication in eliminating dyskinesias. 
Conclusion
In summary, the ropinirole implant yielded comparable efficacy, as measured by CRS scores, to oral ropinirole medication. Activity levels in the monkeys with a ropinirole implant more closely resemble the baseline "normal" condition, than those resulting from oral medication. These data also suggest that low dose ropinirole implants have the potential to provide clinical improvement in bradykinesia with less "off" periods and lower risk for medication induced psychosis and other psychiatric symptoms. Future studies can address the extent to which ropinirole implants may reduce risk of medication-induced dyskinesia.
